Abstract-In this paper, we report monolithically integrated III-V quantum dot (QD) light-emitting sources on silicon substrates for silicon photonics. We describe the first practical InAs/GaAs QD lasers monolithically grown on an offcut silicon (001) substrate due to the realization of high quality III-V epilayers on silicon with low defect density, indicating that the large material dissimilarity between III-Vs and silicon is no longer a fundamental barrier limiting monolithic growth of III-V lasers on Si substrates. Although the use of offcut silicon substrates overcomes the antiphase boundary (APB) problem, it has the disadvantage of not being readily compatible with standard microelectronics fabrication, where wafers with on-axis silicon (001) substrates are used. We therefore report, to the best of our knowledge, the first electrically pumped continuous-wave (c.w.) InAs/GaAs QD lasers fabricated on on-axis GaAs/Si (001) substrates without any intermediate buffer layers. Based on the achievements described above, we move on to report the first study of post-fabrication and prototyping of various Si-based light emitting sources by utilizing the focused ion beam (FIB) technique, with the intention of expediting the progress toward large-scale and low-cost photonic integrated circuits monolithically integrated on a silicon platform. We compare two Si-based QD lasers with as-cleaved and FIB-made facets, and prove that FIB is a powerful tool to fabricate integrated Manuscript received January 30, 2017; revised March 24, 2017; accepted April 5, 2017. This work is supported by UK EPSRC under Grant EP/J012904/1, Grant EP/K029118/1, and Grant EP/P006973/1. 
I. INTRODUCTION

O
VER the last few years, an almost exponential growth in global internet traffic has raised significant challenges for the modern Datacentre and Datacom industries, which require an efficient interconnection framework to support the large bandwidth demand with low power consumption. These demanding requirements have created a major "bottleneck" for conventional copper interconnections in transporting digital information on different scales, ranging from worldwide links to inter-and intra-chip communications [1] , [2] . The integration of optical interconnects with photonic integrated circuits (PICs) on a silicon platform has become one of the most promising candidates to solve this problem [3] - [10] . There have been prototype demonstrations to achieve large bandwidth through integrating wavelength division multiplexing (WDM) systems into the PICs [11] , [12] . This has traditionally been done using an array of laser diodes (LDs) emitting at different wavelengths which are then combined by an optical multiplexer into one output fiber. Based on this technique, the first Intel Silicon Photonics 100 G optical transceiver products have now been shipped in volume, targeting the need for faster connections from rack to rack and across Datacentre [13] . In addition to lasers, superluminescent light-emitting diodes (SLDs), an edge emitting semiconductor light source, that combines the high output power with broad optical spectrum bandwidth, have attracted tremendous attention for a wide range of applications [14] , [15] , especially in WDM systems [16] . The use of SLDs in a high-density WDM system allows all subscribers to utilize an identical transmitter through use of spectrum-slicing techniques [17] , [18] , where broad emission spectrum from a single SLD can be 'sliced' into many different wavelengths to satisfy all the required channels, therefore the number of active light sources on PICs can be significantly reduced leading to lower power consumption and heat dissipation. This is one of the major advantages of SLDs over LDs and other competitors for use in WDM systems to meet future Tera-bit links.
To fully exploit the economies of scale of silicon manufacturing environments, and to achieve low-cost, massive scalable integration, development of CMOS compatible Si-based light sources is of considerable importance [19] - [21] . However, Si, like Ge, is an indirect bandgap material, and is therefore an inefficient light emitter [2] , [3] . Integration of III-V materials with Si substrates, provides the best alternative to solve the lasing issue on Si substrates. To date, wafer bonding has achieved a dominance in Si photonic integration area [3] , [22] , [23] , as it allows for the combination of light emitting capability of III-V materials with light routing of Si waveguide. Notably, smaller cavity length lasers have successfully been realized by using integrated mirrors, such as distributed Bragg reflectors [24] , [25] , reflective multimode interferometers [26] or ring structure, which allows for the formation of large number of channels, while, with reduced crosstalk between adjacent channels as well as laser cavity without the requirement for polishing facets [23] . In addition to wafer bonding, monolithic growth method is another rapid-growing research area due to its cost-effective and massive scalable integration merits. [27] . However, the large material dissimilarity between III-Vs and group IV materials is a severe obstacle facing monolithic growth, including lattice mismatch, thermal expansion coefficient differences, and polar versus nonpolar surfaces. These differences between III-V and Group IV materials tend to produce various types of defectsAPBs, threading dislocations (TDs), and microcracks-which all generate nonradiative recombination centers and dramatically undermine the promise of III-V materials [28] . Over the last two decades, III-V QD light sources, including LDs and SLDs, have been demonstrated with much lower threshold current density [29] - [31] and significantly reduced temperature sensitivity [32] than III-V quantum well (QW) devices due to their delta-function-like density of states [33] , [34] . Also, the superiority of QD structures for achieving broad bandwidth in SLDs is well established owing to their naturally large size inhomogeneity when grown by the S-K growth mode [35] . More recently, the use of QDs as the active region has shown their advantages for monolithic growth of III-V light sources on Ge [8] , [36] , Ge-on-Si [9] , [37] , [38] , and Si [39] - [43] substrates due to their reduced sensitivity to defects [44] , [45] . In particular, preliminary yield and reliability data on the Ge-on-Si based QD lasers have been reported, achieving an extrapolated lifetime of 4,627 hours [46] . However, such an intermediate Ge layer limits the efficient light coupling from this layer to a silicon waveguide due to the large optical absorption coefficient of Ge at telecommunications wavelengths [47] . To bypass the need for the absorptive Ge intermediate buffer layer, in our previous work, by optimizing the initial growth temperature of GaAs nucleation layer (NL) as well as inserting InGaAs/GaAs strained layer superlattices (SLSs) serving as dislocation filter layers (DFLs), we have realized the first electrically pumped 1.3 μm InAs/GaAs QD lasers grown on silicon substrates [39] . Following on from this work, the performance of Si-based QD lasers has been gradually improved due to the efficient reduction in the defect density [43] , [48] , [49] . However, a high performance long lifetime electrically pumped c.w. III-V QD laser monolithically grown on silicon substrate has only recently been demonstrated [38] .
In our previous work, Si (001) wafers with an offcut of 4°t o the [011] plane have been used to prevent the formation of antiphase domains (APDs) while growing polar III-V materials on non-polar group-IV substrates. Although the offcut could be successfully used for annihilation of APDs, it compromises full compatibility with standard microelectronics fabrication, where on-axis Si (001) substrates are typically used [50] , [51] . Recently, there has been much progress for InAs QD lasers on Si (001) substrates, including the demonstrations of optically pumped microcavity lasers on patterned Si (001) substrates and electrically pumped lasers by growth on a GaP/Si (001) template [52] .
In addition to Si-based lasers, we have also demonstrated the first electrically pumped InAs/GaAs QD SLDs monolithically grown on Si substrates [53] . These devices are limited to pulsed operating conditions and the two-section structure requires complex fabrication procedure. Reliable and effective SLDs on Si substrates with c.w. operation is required.
Optical lithography using photoresist is the dominant patterning technique as it allows the patterning of an entire 300 mm (and larger) wafer in a short time with high yield. However, due to the need for expensive masks and repeated processing, development of new devices is costly and time-consuming. It is therefore attractive to use prototyping technologies that enable rapid and flexible fabrication of nanophotonic components, ranging from micro-to nanometer scales [54] . Among these approaches, FIB is an interesting alternative as it allows photoresist-free and direct writing, which enables the post-fabrication of devices with a more complex topography such as ridge waveguides and laser facets. In addition, FIB technology has been widely used for photonics applications, including fabrication of grating couplers and various waveguides [54] , [55] .
In this paper, we present high-performance monolithically integrated electrically pumped c.w. InAs/GaAs QD light-emitting sources on silicon substrates. The paper is organized as follows: In Section II, we describe high performance electrically pumped c.w. operating InAs QD lasers epitaxially grown on a silicon substrate with an ultra-low threshold current density of 62.5 A/cm 2 , single facet output power of 52.5 mW and over 100,000 hours lifetime [47] . In Section III, we present, to the best of our knowledge, the first electrically pumped c.w InAs/GaAs QD lasers directly grown on on-axis GaAs / Si (001) substrates (without any intermediate buffer layers) with lasing operation to over 100°C and a single facet output power exceeding 130 mW at room temperature [56] . In Section IV, we report on the first study of post-processing of Si-based III-V QD lasers by means of FIB milling. We include comparison of FIB-made facets with as-cleaved facets for Si-based III-V QD lasers and show that there is no obvious deterioration between these two facet realisation approaches. Thus, Si-based light sources with different properties can be realized by simply fabricating angled front facets with different cutting angles by FIB.
II. CONTINUOUS WAVE QUANTUM DOT LASERS ON SI SUBSTRATES WITH LONG LIFETIMES
A. Material and Methods
InAs/GaAs QD laser structures were directly grown on phosphorus-doped Si substrates by a solid-source molecular beam epitaxy (MBE) system. The (001)-silicon wafer with 4°m iscut-angle oriented towards the [011] plane was used to suppress APBs due to the formation of double-layer steps [49] , as shown in Fig. 1(a) . Before the initial epitaxy growth, oxide desorption was performed by thermally treating the silicon substrate at 900°C for 30 mins, followed by depositing III-V epilayers that consists of a 6 nm AlAs nucleation layer ( Fig. 1(b) ) grown by migration-enhanced epitaxy (MEE), 1 μm GaAs buffer formed by a three-step temperature growth technique and InGaAs/GaAs SLSs. The III-V epilayer employed here was previously optimized and plays a critical role in blocking the TDs [40] . To further improve the annihilation efficacy of TDs, in situ thermal annealing of the SLS was performed using the method detailed in [40] and [49] . As a result, high quality III-V/Si epilayers with a low density of TDs on the order of 10 5 -10 6 cm −2 has been obtained [40] , [57] , [58] . Based on this template, a standard p-i-n laser structure was deposited on the optimized III-V/Si epilayers in the following order: a 1.4 μm n-doped AlGaAs cladding layer, a 140 nm lower undoped AlGaAs guiding layer, a five-layer InAs/InGaAs/GaAs dots-in-well (DWELL) active region [59] , a 140 nm undoped upper AlGaAs guiding layer, a 1.4 μm p-doped AlGaAs cladding layer, and finally a 300 nm highly p-doped GaAs contact layer. High resolution bright-field scanning TEM measurement was employed to characterize the QD active region in [47] . A nearly defect-free active region is observed, indicating that most of the TDs generated at the III/Si interface have been effectively confined/annihilated within the III-V epilayers thanks to the strategies employed during the growth. From a typical atomic force microscopy (AFM) image for uncapped InAs QDs, grown on the III-V epilayers, a dot density of ∼3.0 × 10 10 cm −1 with good uniformity was obtained, consequently a strong room temperature photoluminescence (PL) emission at ∼1300nm with a narrow linewidth of ∼29 meV has been achieved in [47] .
Broad-area lasers were fabricated following the standard lithography, wet etching and metallization techniques as described in [47] . The fabricated laser bars were then mounted on copper heat-sinks and gold-wire-bonded to enable testing. shows the ageing data for this InAs/GaAs QD laser on silicon. The device was aged in auto current control mode at 26°C under 210 mA of constant applied current. A 27.5% increase in threshold over 3100 h is observed with 14.4% increase occurring in the first 500 h, followed by a very slow increment of threshold over time. A sub-linear mode model is employed to fit the aging data [46] (where we define the mean time to failure as a 100% increased threshold) and an extrapolated lifetime of over 100,158 h was determined.
B. Result and Discussion
III. QUANTUM DOT LASERS DIRECTLY GROWN ON EXACT (001) SILICON SUBSTRATES
A. Material and Methods
In this work, both metal-organic chemical vapor deposition (MOCVD) and MBE machines have been used to complete the QD laser structure on silicon (001) substrates. As shown in Fig. 3(a) , a thin GaAs nucleation layer is first grown directly on the 300 mm on-axis Si (001) substrates, followed by GaAs buffer layer, both layers being grown by MOCVD [50] . The full InAs/GaAs QD laser structure was then grown on the optimal GaAs/silicon (001) substrates by MBE in the following order: a 600 nm GaAs buffer layer, InGaAs/GaAs dislocation filter layers, and five layers of InAs/GaAs dot-in-a-well (DWELL) structures separated by 50 nm GaAs spacers in the middle of 30 nm undoped GaAs guiding layers between 1.4 μm n-type lower and p-type upper Al 0.4 Ga 0.6 As cladding layers. Finally, a 300 nm p-type GaAs contact layer was grown [56] .
The structural properties of the GaAs film layer grown on Si (001) by MOCVD and InAs QDs grown on GaAs/Si (001) template by MBE are characterized by AFM measurements as shown in Fig. 3(b) and (c). Fig. 3(b) shows a typical 5 × 5 μm 2 AFM image of 400 nm GaAs film layer directly grown on on-axis Si (001) substrates by MOCVD. As seen a small rootmean-square (RMS) surface roughness of 0.86 nm is obtained. This small roughness together with the absence of obvious "V"-groove features indicate that an APD-free GaAs film layer has been achieved on Si (001) substrates by MOCVD [50] . The typical AFM image of uncapped InAs QDs grown on GaAs/silicon (001) substrates by MBE is shown in Fig.  3(c) , where a typical dot density of 3 ×10 10 cm −2 is measured by AFM and a good dot uniformity has also been obtained. The cross-sectional TEM image of DWELL active region is presented in Fig. 3(d) , showing a nearly defect-free active region. The PL of the InAs/GaAs QD laser structure grown on GaAs/silicon (001) substrates is shown in Fig. 3(e) where the PL emission peak at ∼1285 nm with a linewidth of 32 meV is observed. 1.3 kA/ cm 2 , with no obvious evidence of power saturation up to this current density. The lasing spectrum measured at an injection current density of 533 A/cm 2 is shown in Fig. 4(b) , in which a lasing peak at 1288 nm is observed. 5(a) shows the output power against the current density for the QD laser grown on Si (001) at various heat-sink temperatures under pulsed operation. The lasing operation can be maintained up to 102°C and the calculated T 0 is 32 K for temperatures from 16°C to 102°C. This poor T 0 could be improved by using modulation p-doping of the QD active region or/and a high thermal-conductivity heatsink. This silicon-based QD laser has also been tested under c.w. operation, as seen in Fig. 5(b) . The maximum c.w. lasing temperature is limited to 36°C due to the self-heating of the device.
B. Result and Discussion
IV. POSTFABRICATION OF SUPERLUMINESCENT LIGHT-EMITTING DIODES ON SI SUBSTRATES BY FIB
A. Material and Methods
In this work, the InAs/GaAs QD laser structure (as shown in Fig. 6(a) ) is nominally identical to that of laser structure described in Section II except for the growth of active region. Here, in order to improve the modal gain, 7 DWELL layers have been used. After completing the growth of the laser structure, broad-area lasers of 25 μm in width and 3 mm in length were fabricated and then mounted on copper heat-sinks and goldwire-bonded to enable testing. After device characterization as a laser with as-cleaved facets was completed, the front as-cleaved facet was then milled, (with the back as-cleaved facet remains unchanged), by focused Ga ion beam [60] to form front angled facet with angles 0°, 5°, 8°, 10°, 13°, and 16°, respectively as illustrated by Fig. 6(b) . The FIB milling was performed using a Ziess XB 1540 "cross beam" FIB microscope with a probe current of 500 pA for coarse milling and 100 pA for surface polishing. Unless stated otherwise, device characterization was performed under c.w. operation at room temperature (RT). Fig. 7 compares the light-current-voltage (LIV) characteristics for a Si-based InAs/GaAs QD laser with FIB-made facet and a conventional device with as-cleaved facets under RT c.w. operation. The measured series resistances extrapolated from I-V curves were very similar between the two laser devices. The measured threshold current and slope efficiency are 200 mA and 0.125 W/A, respectively for the as-cleaved Si-based laser, and 222 mA and 0.095 W/A for the Si-based laser with FIB-made facet. Compared with as-cleaved facets device, there is no only a slight reduction in device performance for Si-based laser with FIB-made facet. The slightly degraded device performance in threshold and slope efficiency could be associated with the larger mirror loss due to ion implantation, bombardment and re-deposition arising from the FIB process when the energetic Ga + ion beam interacts with III-V sidewalls. It should be mentioned that the Ga + ion beam employed here is not the ideal ion beam source for etching GaAs/AlGaAs materials, and measurements were therefore performed as a feasibility study, not for benchmarking performance. If a proper gas-assisted FIB milling [54] or He + ion beam technique was to be used, an even better device performance would be expected. But still, as seen from the SEM image (inset of Fig. 7 ) of FIB etched III/V region, a clean, smooth and vertical sidewall has been obtained. Fig. 8(a) shows the RT c.w. L-I characteristics for Si-based InAs/GaAs QD devices with different front facet angles of 0°, 5°, 8°, 10°, 13°, and 16°, respectively. The threshold current of the FIB fabricated Si-based laser with a 0°front facet angle is 222 mA. By increasing the etched angle from 0°to 5°, the threshold current is increased to 280 mA, and this is due to the effectively reduced reflectivity from the angled facet, where the light beam being coupled back into guided modes has been reduced. But still the device exhibited a typical lasing characteristics. Increasing etched facet angle to 8°, a typical superluminescent behavior evidenced by the superlinear increase in output power with increasing current is observed. The maximum RT c.w. output power measured from the front angled facet is 0.56 mW at 600 mA, where a power saturation due to over-heating of the device is observed. This Si-based QD SLD has also been examined under pulsed operation as seen in the inset (left-side) of Fig. 8(a) , with limited self-heating, an output power of over 8 mW has been obtained at 600 mA where no power saturation observed up to this current injection. By stacking more layers of dots with higher dot density in each layer to increase the optical gain and also by utilizing p-type modulation doping of the QDs [61] , [62] , high output power with temperature-insensitive operation could be realized. In addition, the Ga ion re-deposition effect occurs during the FIB process as seen in the inset (right-side) of Fig. 8(a) , which induces additional mirror loss and needs to be resolved in future devices. With further increase in the etched facet angle to 13°, it is noted that a nominal LED-like L-I characteristics is observed, despite the fact that the emission spectrum is still dominated by the amplified spontaneous emission (ASE), because the modal gain should have been pumped to the same level among devices with different facet angles. Fig. 8(b) shows RT electroluminescence (EL) spectra for Sibased QD devices with different front facet angles of 5°, 8°, 10°, and 13°at various c.w. injection currents. The measured FWHM for devices with 5°and 8°facet angle as a function of injection current are summarized in the Fig. 9 . As seen for the device with 5°facet angle, at a low injection of 100 mA, a broad spon- Fig. 9 . The measured full-width-at-half-maximum (FWHM) for devices with 5°and 8°facet angles as a function of injection current. In t-inset shows the evolution of the peak wavelength (measured at 300 mA) for Si-based QD devices versus the etched facet angle.
B. Results and Discussion
taneous emission from the ground state of QDs with a FWHM of 52.5 nm is obtained, as the current increases to 300 mA, the emission peak increases suddenly in intensity and the FWHM narrows sharply to only ∼2.4 nm, which indicates that lasing oscillation can still be achieved from this device, despite the effectively reduced facet reflectivity from the 5°angled front facet. In contrast, for a device with 8°facet angle, the measured FWHM narrows slightly with increasing injection up to 600 mA, which suggests that the lasing has been fully inhibited in this device, and the observed spectrum narrowing effect is because: when the device working as a SLD, the modal gain is larger than the internal loss within a limited wavelength range in the middle of the gain spectrum. The spectrum is therefore dominated by the ASE within this wavelength range. Towards the edge of the gain spectrum, the wavelength-dependent gain decreases and those parts of the spectrum are dominated by spontaneous emission. The spectrum narrowing is an indirect indication of the existence of ASE. Similar amplified spontaneous emission has also been observed from the device with 10°facet angle. It should be mentioned that, the 3 dB bandwidths reported here are relatively narrow compared to conventional InAs QD SLDs on native substrates, this is because the QD active region studied in this work is designed for lasers, where the growth conditions were intentionally optimized for small dot inhomogeneity. Improvement in bandwidth could be achieved by chirped QDs [63] , QD intermixing [64] , or hybrid QW/QD structures [65] . As seen from the electroluminescence (EL) spectrum for device with 13°facet angle, a linear increase in spontaneous emission peak intensity with increasing current is observed, representing a nominal LED behavior (although the spectrum is still governed by ASE) due to the completely suppressed optical feedback within the FP resonator. The evolution of the peak wavelength (measured at 300 mA) for Si-based QD devices versus the etched facet angle is summarized in the inset of Fig. 9 . It is clear to see that the peak wavelength for Si-based QD devices with different front facet angles was almost unchanged with a value of ∼1326 nm, despite the fact that device characteristics with different facet angles have been significantly modified, which indicates that FIB technology is a promising tool with large flexibility to di-rectly post-fabricate active photonic devices while maintaining desired communication wavelengths.
We developed a simple rate equation model to gain further insight into the suppression of the laser oscillation using angled facets. The carrier and photon dynamics is described by the following equations
where N and N p are the carrier and photon densities respectively, A is the defect recombination coefficient, B is the spontaneous emission coefficient, C is the Auger recombination coefficient, Γ is the optical confinement factor, v g is group velocity of light, V is the volume of the active region, η i is the internal efficiency, α i is the internal optical loss, and β is the spontaneous emission factor. Here we adopt two different definitions of the mirror loss:
the latter is called the effective mirror loss, where L is the device length, R 1 is the reflectivity of the back facet, R 2 is the reflectivity of the front (angled) facet, and R 2 is the effective reflectivity of the front facet taking into account the coupling factor between the reflected light from the front facet and guided modes of the ridge waveguide. We assume the material gain linearly depends on the carrier density by ignoring the excessively complicated gain saturation process in SLEDs. By self-consistent iteration method the rate equations can be solved numerically, yielding an output power from the front facet Fig. 10 shows the comparison between measured L-I characteristics and simulated results by rate equations. The agreement between measurement data and simulated results is reasonably good for all facet angles at low injection levels. The obvious mismatch between the simulation and experimental results above 300 mA are due to the complicated thermal effects in SLEDs which lead to severer degradation of the material gain at high injection. The angle dependence of R 2 is calculated using Fresnel equations based on a simple assumption of ray optics, as shown by the curve in Fig. 11 . During the modelling, we have only optimized the value of R 2 to obtain the best fitting results. Fig. 11 plots R 2 as a function of the facet angle, in which each of the R 2 values correspond to one of the fitting curves in Fig. 10 . The increased difference between R 2 and R 2 suggests the coupling factor to guided modes is significant reduced with increasing facet angles, which contributes to the suppression of lasing. 
V. CONCLUSION
In summary, we have demonstrated high performance InAs/GaAs QDs lasers on offcut Si substrates with long lifetime by MBE, and the first electrically pumped InAs/GaAs QD lasers monolithically grown on on-axis GaAs/Si (001) substrates by combined MOCVD and MBE techniques. In addition, we have reported the first studies of post-fabrication of various Si-based III-V QD light sources by means of FIB for use in silicon photonics. High performance RT c.w. lasing characteristics have been achieved from Si-based InAs/GaAs QD lasers with FIB-made front facet. Effectively reduced facet reflectivity has been achieved from angled facet devices, by focused 
